Abstract: One of the causal agents of human sporotrichosis, Sporothrix schenckii, is the type species of the genus Sporothrix. During the course of the last century the asexual morphs of many Ophiostoma spp. have also been treated in Sporothrix. More recently several DNA-based studies have suggested that species of Sporothrix and Ophiostoma converge in what has become known as Ophiostoma s. lat. Were the one fungus one name principles adopted in the Melbourne Code to be applied to Ophiostoma s. lat., Sporothrix would have priority over Ophiostoma, resulting in more than 100 new combinations. The consequence would be name changes for several economically important tree pathogens including O. novo-ulmi. Alternatively, Ophiostoma could be conserved against Sporothrix, but this would necessitate changing the names of the important human pathogens in the group. In this study, we sought to resolve the phylogenetic relationship between Ophiostoma and Sporothrix. DNA sequences were determined for the ribosomal large subunit and internal transcribed spacer regions, as well as the beta-tubulin and calmodulin genes in 65 isolates. The results revealed Sporothrix as a well-supported monophyletic lineage including 51 taxa, distinct from Ophiostoma s. str. To facilitate future studies exploring species level resolution within Sporothrix, we defined six species complexes in the genus. These include the Pathogenic Clade containing the four human pathogens, together with the S. pallida-, S. candida-, S. inflata-, S. gossypina-and S. stenoceras complexes, which include environmental species mostly from soil, hardwoods and Protea infructescences. The description of Sporothrix is emended to include sexual morphs, and 26 new combinations. Two new names are also provided for species previously treated as Ophiostoma.
INTRODUCTION
Sporothrix was established more than a century ago when Hektoen & Perkins (1900) presented a detailed case study of an American boy who contracted a fungal infection after wounding his finger with a hammer. They isolated and described the fungus, for which they provided the binomial Sporothrix schenckii. The epithet was derived from the name of B.R. Schenck, who described a similar fungus two years earlier, isolated from the infected wounds on an adult man (Schenck 1898) . Schenck (1898) suggested that the fungus might be a species of Sporotrichum. However, Hektoen & Perkins (1900) applied the new genus name, Sporothrix, without providing an explicit generic diagnosis. The genus was thus considered invalid by most subsequent workers who referred to the fungus as Sporotrichum schenckii (De Beurmann & Gougerot 1911 and others) . Carmichael (1962) stated that the fungus referred to by the earlier authors as Sporotrichum schenckii, did "not in the least resemble Sporotrichum aureum", the type species of the genus Sporotrichum, which was later shown to be a basidiomycete (Von Arx 1971 , Stalpers 1978 . He consequently relegated Sporotrichum schenckii back to Sporothrix, and did not consider it necessary to provide a Latin diagnosis for the genus (Carmichael 1962) . Nicot & Mariat (1973) eventually validated the name with S. schenckii as type. de Hoog (1974) accepted their validation in his monograph of the genus, although Domsch et al. (1980) regarded the validation unnecessary "in view of the rather exhaustive descriptio generico-specifica" by Hektoen & Perkins (1900) [see Art. 38.5,year, Hedgcock (1906) described the synasexual morphs of some Graphium spp. also as Sporotrichum. Apart from Sporotrichum, both Hedgcock (1906) and Münch (1907) applied additional generic names, such as Cephalosporium and Cladosporium, to variations of the mycelial asexual morphs of Ophiostoma. Interestingly, most of the subsequent taxonomic treatments applied either Cephalosporium or Cladosporium when referring to the asexual morphs of Ophiostoma (Lagerberg et al. 1927 , Melin & Nannfeldt 1934 , Siemaszko 1939 , Davidson 1942 , Bakshi 1950 , Mathiesen-K€ a€ arik 1953 , Hunt 1956 . Some authors applied other generic names to describe asexual morphs of Ophiostoma, such as Cylindrocephalum, Hormodendron (Robak 1932) , Hyalodendron (Goid anich 1935 , Georgescu et al. 1948 , and Rhinotrichum (Georgescu et al. 1948 , SczerbinParfenenko 1953 . Barron (1968) distinguished between Sporothrix and Sporotrichum, and suggested that the so-called Sporotrichum morphs described for some Ceratocystis (actually Ophiostoma) species should be referred to Sporothrix. In the same year, Mariat & De Bievre (1968) suggested that Sporotrichum schenckii was the asexual morph of a species of Ceratocystis (= Ophiostoma), later specified as O. stenoceras (Andrieu et al. 1971 , Mariat 1971 .
De Hoog's (1974) monograph, in which he also listed S. schenckii as asexual morph of O. stenoceras, brought much needed order in the taxonomy of Ophiostoma asexual morphs. His circumscription of Sporothrix accommodated the plasticity of these species that had resulted in the above-mentioned confusion. He also appropriately included the asexual human pathogens in the same genus as the wood-staining fungi and bark beetle associates. Based on his work, many later authors treated asexual morphs previously ascribed to all the genera referred to above, in Sporothrix (Samuels & Müller 1978 , Domsch et al. 1980 , Upadhyay 1981 , de Hoog 1993 . Several additional asexual species were also described in Sporothrix from a variety of hosts (de Hoog 1978 , de Hoog & Constantinescu 1981 , Moustafa 1981 , Constantinescu & Ryman 1989 . By the middle 1980's, evidence that Sporothrix is not a homogenous group, and that some of the species have basidiomycete affiliations, began to appear (Smith & Batenburg-Van der Vegte 1985 , Weijman & de Hoog 1985 , de Hoog 1993 .
One of the earliest applications of DNA sequencing technology to resolve taxonomic questions in the fungal kingdom was published by Berbee & Taylor (1992) . They used ribosomal small subunit (SSU) sequences to show that the asexual S. schenckii was phylogenetically related to the sexual genus Ophiostoma, represented in their trees by O. ulmi and O. stenoceras. This was the first study where DNA sequences were used to place an asexual fungus in a sexual genus. The following year, Hausner et al. (1993b) confirmed the separation of Ceratocystis and Ophiostoma based on ribosomal large subunit (LSU) sequences, and subsequently (Hausner et al. 1993a ) published the first phylogeny of the genus Ophiostoma, showing that Ophiostoma spp. with Sporothrix asexual morphs do not form a monophyletic group within the Ophiostomatales. Hausner et al. (2000) produced a SSU phylogeny that included seven species in the Ophiostomatales. For the first time, O. piliferum, type species of Ophiostoma, together with S. schenckii, type species of Sporothrix were included together in a single phylogenetic tree. Ophiostoma piliferum grouped with O. ips, and S. schenckii formed a separate clade with O. stenoceras.
In the two decades subsequent to the first DNA-based phylogeny (Berbee & Taylor 1992) , increasing numbers of taxa were included in Ophiostoma phylogenies. In these studies, the separation between Ophiostoma s. str. and what became known as the S. schenckii-O. stenoceras complex, became more apparent (De Beer et al. 2003 , Villarreal et al. 2005 , Roets et al. 2006 , Zipfel et al. 2006 , De Meyer et al. 2008 , Linnakoski et al. 2010 , Kamgan Nkuekam et al. 2012 . This was also evident in the most comprehensive phylogenies of the Ophiostomatales to date that included 266 taxa . These authors treated the S. schenckii-O. stenoceras complex, including 26 taxa producing only sporothrix-like asexual states, in Ophiostoma sensu lato. They excluded the complex from Ophiostoma sensu stricto, which contained several other species with sporothrix-like asexual states, often in combination with synnematous, pesotum-like asexual states.
The capacity to link sexual and asexual species and genera based on DNA sequences, as exhibited by the Berbee & Taylor (1992) study, had a major impact on fungal taxonomy and nomenclature. The long-standing debate regarding the impracticality of a dual nomenclature system culminated in the adoption of a single-name nomenclatural system for all fungi in the newly named International Code of Nomenclature for algae, fungi, and plants (ICN) at the 2011 International Botanical Congress in Melbourne, Australia. Only one name for a single fungus has been allowed after 1 January 2013 (Hawksworth 2011 , Norvell 2011 . This means that all names for a single taxon now compete equally for priority, irrespective of the morph that they represent (Hawksworth 2011) . If these rules were to be applied indiscriminately and with immediate effect, the taxonomic impacts on the Ophiostomatales would be immense ) and frustrating to practitioners such as plant pathologists and medical mycologists .
Ophiostoma s. lat. as defined by included the O. ulmi-, O. pluriannulatum-, O. ips-, and S. schenckii-O. stenoceras complexes, as well as O. piliferum and more than 20 other Ophiostoma spp. The new rules dictate that Sporothrix as the older name would have priority over Ophiostoma (Hektoen & Perkins 1900, Sydow and Sydow 1919) . The result would be a redefined Sporothrix containing more than 150 species, 112 of which would require new combinations, including well-known tree pathogens such as the Dutch elm disease fungi, O. ulmi and O. novo-ulmi. Alternatively, the ICN makes provision for the conservation of a younger, better known genus name against an older, lesser known name (Article 14, McNeill et al. 2012) . If Ophiostoma were to be conserved against Sporothrix, it would have resulted in only 22 new combinations in Ophiostoma, but with changed names for all the major causal agents of the important human and animal disease sporotrichosis: S. schenckii, S. brasiliensis and S. globosa. Based on a lack of DNA sequence data for a number of Sporothrix spp. at the time, and to avoid nomenclatural chaos, made several recommendations that ensured nomenclatural stability for the Ophiostomatales, for the interim and before alternative taxonomic solutions could be found. One of these recommendations was to reconsider the generic status of species complexes such as the S. schenckii-O. stenoceras complex.
During the past decade, sequence data for several gene regions have been employed to delineate closely related species in the S. schenckii-O. stenoceras complex. A difficulty encountered has been that medical mycologists working with S. schenckii and the other human-and animal-pathogenic species, have used gene regions to distinguish between cryptic species that differ from those used by plant pathologists and generalist mycologists. The latter group have primarily used sequences for the internal transcribed spacer region (ITS) (De Beer et al. 2003 , Villarreal et al. 2005 or the beta-tubulin (BT) gene (Aghayeva et al. 2004 , Roets et al. 2006 , Zhou et al. 2006 , De Meyer et al. 2008 , Kamgan Nkuekam et al. 2008 , Linnakoski et al. 2008 , Madrid et al. 2010a . In contrast, medical mycologists have experimented with several gene regions, still including ITS (Gutierrez Galhardo et al. 2008 , Zhou et al. 2014 and BT, but also including chitin synthase, calmodulin (CAL) (Marimon et al. 2006 (Marimon et al. , 2008 , and most recently translation elongation factor-1-alpha (TEF1) and translation elongation factor-3 (TEF3) (Zhang et al. 2015 , Rodrigues et al. 2016 . CAL became the preferred gene region to distinguish among the human pathogenic species of Sporothrix (Marimon et al. 2007 , Madrid et al. 2009 , Dias et al. 2011 , Romeo et al. 2011 , Rodrigues et al. 2014b , 2015a , 2015b . A potential problem that could arise from this history is that environmental isolates included in clinical studies could be incorrectly identified because at present, no CAL sequences are available for many of the non-pathogenic species in S. schenckii-O. stenoceras complex which are mostly from wood, soil and Protea infructescences.
The aims of this study were 1) to redefine the genus Sporothrix, 2) to provide new combinations where necessary, 3) to provide sequence data for ex-type isolates of as many species as possible in the emended genus, so that reference sequences will be available for future taxonomic and clinical studies, and 4) to define emerging species complexes within Sporothrix. To address the genus level questions we employed the ribosomal LSU and ITS regions. Species level questions were addressed using the ITS regions, widely accepted as the universal DNA barcode marker for fungi (Schoch et al. 2012) , as well as sequences for the more variable protein-coding CAL and BT genes.
MATERIALS & METHODS

Isolates
Forty three Ophiostoma, two Ceratocystis and one Dolichoascus species, all with sporothrix-like asexual morphs, were considered in our study, together with 27 Sporothrix spp. without known sexual morphs (Table 1 ). The total number of 73 species were represented by DNA sequences of 83 isolates, as more than one isolate was included for some of the species. Sixty six of the isolates are linked to type specimens, and sequences of 18 isolates generated in previous studies were obtained from GenBank.
DNA extraction, PCR and DNA sequencing DNA was extracted following the technique described by Duong et al. (2012) . The ribosomal LSU region was amplified and sequenced using primers LR3 and LR5 (White et al. 1990) , while ITS1F (Gardes & Bruns 1993) and ITS4 (White et al. 1990) were used for the ITS regions. The PCR reactions of the BT genes were run using primers T10 (O'Donnell & Cigelnik 1997) and Bt2b, while Bt2a and Bt2b (Glass & Donaldson 1995) were used for sequencing reactions. For the CAL gene, primers CL1 and CL2a (O'Donnell et al. 2000) were used for most species, but a new primer pair was designed for some Ophiostoma spp. that could not be amplified with these primers. The new primers were CL3F (5 0 -CCGARTWCAAGGAGGCSTTC-3 0 ) and CL3R (5 0 -TTCTGCAT-CATRAGYTGSAC-3 0 ). PCR and sequencing protocols were as described by Duong et al. (2012) , other than the annealing temperature being optimized for some individual reactions.
Phylogenetic analyses
Data sets of sequences derived in the present study (Table 1) together with reference sequences obtained from NCBI GenBank, were compiled using MEGA 6.06 (Tamura et al. 2013) . All datasets (LSU, ITS, BT and CAL) were aligned using an online version of MAFFT 7 (Katoh & Standley 2013 ) and subjected to Gblocks 0.91b (Castresana 2000) using less stringent selection options, to eliminate poorly aligned positions and divergent regions from subsequent phylogenetic analyses. All datasets obtained from Gblocks were subjected to Maximum Likelihood (ML) and Bayesian Inference (BI) analyses. ML analyses using RaxML (Stamatakis 2006) were conducted with raxmlGUI 1.3 (Silvestro & Michalak 2012) with 10 runs using the GTRGAMMA substitution model and 1 000 bootstraps each. BI analyses were conducted with MrBayes 3.2.5 (Ronquist & Huelsenbeck 2003) with 10 runs using the GTRGAMMA substitution model, and 5 M generations each with tree sampling every 100 th generation. Bayesian posterior probabilities were calculated for each dataset after discarding 25% of the trees sampled as prior burn-in.
RESULTS
Phylogenetic analyses
Trees obtained from MrBayes analyses with support values for branches are presented in Fig. 1 (LSU The LSU data ( Fig. 1) showed well-supported lineages for the following genera (as defined by in the Ophiostomatales: Leptographium s. lat., Ophiostoma s. str., Fragosphaeria, Ceratocystiopsis, Raffaelea s. str., and Graphilbum. Two genera described subsequent to the study of were also supported in the LSU analyses, namely Aureovirgo (Van der Linde et al. 2016) and Hawksworthiomyces . The S. schenckii-O. stenoceras complex as defined by , formed a wellsupported lineage distinct from Ophiostoma s. str. This lineage included Sporothrix schenckii, the type species of Sporothrix, and was thus labelled as Sporothrix. It also included 16 other known Sporothrix spp., 29 known Ophiostoma spp., the ex-type isolates of Ceratocystis gossypina var. robusta and C. eucastanea, and a novel taxon labelled as 'S. curviconia 2', that was previously identified as that species. One Sporothrix species, S. nothofagi, did not group in Sporothrix, but in a distinct lineage within Leptographium s. lat. Several species with sporothrix-like asexual morphs grouped in Ophiostoma s. str. and are listed in the Taxonomy section below. However, some Ophiostoma spp. with sporothrix-like asexual T = ex-type; NT = ex-neotype; P = ex-paratype. *Sequences not included in ITS, BT and CAL analyses of the present study because sequences were too divergent. morphs grouped in smaller lineages (labelled A to D, Fig. 1 ) outside or between the major genera. For the compilation of the ITS data set, outgroups were selected for Sporothrix based on the LSU trees (Fig. 1) . The lineages closest to Sporothrix were chosen and included species of Fragosphaeria, Ceratocystiopsis and Lineage C (Fig. 2) . Attempts to include species from more genera such as Ophiostoma s. str. and from lineages A, B and D, resulted in data sets that were too variable to align appropriately, and such taxa were thus excluded from further analyses. The same group of taxa constituting the lineage defined as Sporothrix in the LSU trees ( Fig. 1) , again formed a well-supported lineage in the trees based on ITS data (Fig. 2) . However, the ITS trees provided substantially more resolution than the LSU trees and revealed several lineages within the genus Sporothrix. Well-supported lineages (numbered 1 to 6) that corresponded with those in the BT (Fig. 3) and CAL (Fig. 4 ) trees, were recognized as species complexes. These complexes were defined following the criteria applied by in recognising the 18 species complexes they defined in the Ophiostomatales. Each complex was named based on the species that was first described in that complex (Fig. 2) . The only exception was Lineage 3 that contained S. schenckii and the other human pathogens. Chen et al. (2016) argued against the use of the term "complex" in medical mycology for a clade such as this that includes well-defined species causing different disease symptoms, and that differ from each other in routes of transmission, virulence and antifungal susceptibility. In line with other recent publications dealing with S. schenckii and the other pathogenic species (Rodrigues et al. 2015a , 2015b , Zhang et al. 2015 , we thus refer to Lineage 3 as the Pathogenic Clade. A few species did not form part of consistently supported lineages and were labelled as groups E to I to facilitate discussion.
Species of Ceratocystiopsis and Lineage C were used as outgroups in the BT data set because no BT sequences were available for Fragosphaeria. Apart from species complex 1, all four the other complexes defined based on ITS (Fig. 2) , also had strong statistical support in the BT trees (Fig. 3) . The BT sequences obtained mostly spanned exons 3, 4, 5, and the 5 0 part of exon 6, but the BT genes of different species had a variety of intron arrangements (Table 2 and Fig. 3 ). Most species lacked one to two of the introns, and the arrangements corresponded with the species complexes. Species complexes 1 and 2, and group E lacked both introns 3 and 4 and only contained intron 5 (-/-/5). Taxa in complexes 3, 4, 5 and 6, and groups F, G, H and I, all contained introns 3 and 5 but lacked intron 4 (3/-/5). The only exception was O. nothofagi that contained intron 4, but lacked intron 5 (?/4/-). The fragment of the latter species was too short to determine whether intron 3 was present or not. As more than 50% of basepairs from mostly introns were excluded from the analyses by Gblocks (see legend of Fig. 3 ), the trees obtained did not fully reflect differences in BT sequences between closely related taxa.
In the analyses of the CAL gene region (Fig. 4) , only Lineage C was included as outgroup because CAL sequences were not available for Fragosphaeria and Ceratocystiopsis. The topology of the trees generally reflected those of the ITS and BT trees, and all six species complexes were statistically supported. The intron arrangements for the CAL gene region were less variable than those of BT, with only two patterns observed (Table 2 and Fig. 3 ). All taxa in Sporothrix for which CAL data were available had a pattern of 3/4/-, with the only exceptions found in O. nothofagi and S. brunneoviolacea (in Group I), which had all three introns (3/4/5). Similar to those for BT, the CAL trees did not fully reflect sequence differences between closely related taxa because a considerable portion of the more informative intron data had been excluded from the analyses.
TAXONOMY AND NOMENCLATOR
Based on phylogenetic analyses of four gene regions (Figs 1-4) we conclude that the previously recognised S. schenckii-O. stenoceras species complex in Ophiostoma s. lat., represents a distinct genus in the Ophiostomatales. This genus is Sporothrix, with S. schenckii as type species, and it is distinct from Ophiostoma s. str., defined by O. piliferum as type species. Based on one fungus one name principles, we redefine Sporothrix, which previously included only asexual morphs (de Hoog 1974) , such that the generic diagnosis now also reflects the morphology of species with known sexual morphs. 
Graphilbum Ophiostomatales
Podospora decipiens AY780073
Neurospora crassa AF286411 Sordaria fimicola AY545728 Phylogram depicts the taxonomic relationship of Sporothrix, Ophiostoma s. str. and other genera in the Ophiostomatales based on LSU sequences. The tree was constructed using MrBayes 3.2.5 using the GTR+G nucleotide substitution model. The aligned dataset included 151 taxa (730 total characters), 696 characters remained after treatment with Gblocks, 237 of which were variable. Bayesian posterior probabilities (BI) and maximum likelihood (ML) bootstrap supports are indicated at nodes as BI/ML. * = no support or bootstrap support values <70% and posterior probabilities <0.90. Sequences for taxa in bold-type were generated in this study. T = ex-holotype; NT = exneotype; P = ex-paratype. Fig. 2 . Bayesian phylogram derived from analyses of the ITS dataset (70 taxa included, 516 characters remained after treatment with Gblocks, 259 of which were variable). The tree was constructed using MrBayes 3.2.5 using the GTR+G nucleotide substitution model. Bayesian posterior probabilities (BI) and maximum likelihood (ML) bootstrap supports are indicated at nodes as BI/ML. * = no support or bootstrap support values <70% and posterior probabilities <0.90. Sequences for taxa in bold-type were generated in this study. T = ex-holotype; P = ex-paratype.
Note: Forms part of the S. stenoceras complex (Figs 2 and 3 ). Halmschlager & Kowalski (2003) and Aghayeva et al. (2005) , as S. brunneoviolacea. In all four of our phylogenies, this species grouped peripheral to the core species complexes in Sporothrix (Figs 1-4) , in an unsupported group Presence (intron numbers 3, 4 and 5) or absence (-) of introns are indicated in the column on the right. The tree was constructed using MrBayes 3.2.5 using the GTR+G nucleotide substitution model. Bayesian posterior probabilities (BI) and maximum likelihood (ML) bootstrap supports are indicated at nodes as BI/ML. * = no support or bootstrap support values <70% and posterior probabilities <0.90. Sequences for taxa in bold-type were generated in this study. T = ex-holotype; P = ex-paratype.
(Group I, Figs 2-4). Although it differs from most Sporothrix spp. in its CAL intron arrangement (Table 2) , it is retained in Sporothrix for the present. . Bayesian phylogram derived from analyses of the CAL dataset (51 taxa included, 530 characters after Gblock, of which 293 were variable character). Presence (intron numbers 3, 4 and 5) or absence (-) of introns are indicated in the column on the right. The tree was constructed using MrBayes 3.2.5 using the GTR+G nucleotide substitution model. Bayesian posterior probabilities (BI) and maximum likelihood (ML) bootstrap supports are indicated at nodes as BI/ML. * = no support or bootstrap support values <70% and posterior probabilities <0.90. Sequences for taxa in bold-type were generated in this study. T = ex-holotype; P = ex-paratype. (1974) . The BT sequence for the original isolate of the latter species is identical to the S. globosa ex-type isolate (Fig. 3) , while the LSU, ITS and CAL sequences of the two isolates respectively differ in 1, 2, and 1 positions (Figs 1, 2 and 4). These two species should be considered synonyms as suggested by de Hoog (1974) . Since the older name S. tropicale was invalidly published without a Latin diagnosis, the name S. globosa takes preference. that the LSU sequence of the ex-type isolate (ATCC 18999) of O. gossypinum differs from that of O. stenoceras. Our results confirmed that the three species are distinct, and that S. gossypina groups close to, but distinct from O. abietinum and related species in species complex 1 (Figs 1-4) . As the first species to be described it becomes the name-bearing species of this complex.
25. Sporothrix guttuliformis de Hoog, Persoonia 10: 62.
1978.
Notes: Sequences produced in the present study for the ex-type isolate of this species place it in S. inflata complex (Figs 2-4) . However, earlier studies using the same isolate showed that this species was different from S. schenckii in physiology , de Hoog 1993 and septal pore structure (Smith & Batenburg-Van der Vegte 1985) . The ex-type isolate must thus be reconsidered carefully to determine whether it still corresponds with the original description. Meyer et al. (2008) showed that these two species grouped with S. nivea, distinct from S. schenckii. Sporothrix albicans and S. nivea were thus synonymised with S. pallida, the oldest of the three names. Our data confirmed the synonymy of these species (Figs 2-4) . Rodrigues et al. (2016) defined the lineage containing these and several other species as the S. pallida complex, a definition supported by our analyses. Ansel & Thibaut (1970) and Thibaut (1972) suggested that Dolichoascus (Endomycetaceae) represented the sexual morph of S. schenckii due to the presence of what they described as endogenous ascospores. However, Mariat & Diez (1971) studied the isolate (CBS 938.72) of Ansel & Thibaut (1970) and suggested that the "ascospores" were in fact endoconidia. de Hoog (1974) argued that the name Dolichoascus could thus not be used for an anamorph genus based on the prevailing dual nomenclature principles dictated by Article 59 of the Seattle Code (Stafleu 1972 (Taylor 1970 , Mariat 1971 , de Hoog 1974 . However, De Beer et al. (2003) showed that the two species were distinct based on ITS sequences, and this was confirmed in the present study with LSU, ITS, BT and CAL sequences (Figs 1-4 Upadhyay (1981) and Seifert et al. (1993) . Hausner & Reid (2003) and De Beer et al. (2003) respectively showed that LSU and ITS sequences of O. albidum are identical to those of O. stenoceras (Figs 1 and 2 ). BT and CAL data produced in the present study for the ex-type isolates of both these species (Figs 3 and 4 Notes: Our LSU analyses suggest that O. angusticollis groups with O. denticulatum in a distinct lineage (Fig. 1) in Ophiostoma s. str. This supports the placement of the species by Villarreal et al. (2005) and , who also showed that it groups with O. sejunctum based on ITS sequences. However, the isolate does not represent the holotype and typification needs to be resolved before a final conclusion can be made regarding the generic placement of this species. (2013) suggested that O. denticulatum might belong in the S. schenckii-O. stenoceras complex based on morphology. However, the species grouped with O. angusticollis distinct from Sporothrix in Ophiostoma s. str. in our LSU analyses (Fig. 1) . In addition, its BT gene contains intron 4 (Table 2) , which is absent in all species of Sporothrix. Hyalorhinocladiella macrospora (Francke-Grosm.) TC. Harr. In Harrington et al., Mycotaxon 111: 355. 2010 .
Sporothrix palmiculminata
Note: Forms a distinct lineage outside Sporothrix and close to O. piliferum in Ophiostoma s. str. (Fig. 1) . Notes: According to De Beer et al. (2003) the ex-type of O. ponderosae (ATCC 26665 = RWD 900 = C87) had an ITS sequence identical to O. stenoceras. The original isolate died in our collection and we re-ordered the ex-type from ATCC (ATCC 26665 = RWD 900 = CMW 37953). The LSU sequence of the fresh isolate placed it close to O. piliferum in Ophiostoma s. str. (Fig. 1) . Consequently, we do not accept the synonymy of O. ponderosae with O. stenoceras, exclude it from Sporothrix and consider it a distinct species of Ophiostoma s. str. The LSU and ITS sequences of another O. ponderosae isolate (CBS 496.77 = RWD 899) from the study of Hinds & Davidson (1975) , grouped in the O. pluriannulatum complex (Fig. 1 ). It appears to represent an undescribed taxon in that complex, but for the interim it is labelled as 'O. ponderosae 2'.
5. Sporothrix lignivora de Mey. et al., Mycologia 100: 657.
2008.
Notes: This species groups in a distinct lineage of the Ophiostomatales, previously referred to as the Sporothrix lignivora complex, but recently defined as a new genus, Hawksworthiomyces ( Fig. 1) Note: This species was described as the anamorph of Ophiostoma catonianum (Goid.) Goid. and is currently treated as synonym of the latter species in the O. ulmi complex in Ophiostoma s. str. (Grobbelaar et al. 2009 . 
SPOROTHRIX SPP. AND SPECIES WITH SPOROTHRIX-LIKE ASEXUAL MORPHS, BUT OF UNCERTAIN GENERIC STATUS IN THE OPHIOSTOMATALES
This list includes species for which sequence data place them in the Ophiostomatales, but not in one of the currently accepted genera. Taxa with sporothrix-like asexual morphs that resemble Ophiostomatales, but for which no sequence data are available are also included. Hutchison & Reid (1988) because of differences in the ascospore shape. Our data support those of Villarreal et al. (2005) and that separated the two species. These species group together with O. nigricarpum, O. rostrocoronatum and O. tenellum in Lineage D (Fig. 1) , at present referred to as the O. tenellum complex . All the species in this complex differ from those in Sporothrix s. str. in that they have CAL intron 5, which is lacking in true Sporothrix spp. (Table 2 ). The generic status of all species in the O. tenellum complex should be reconsidered because the complex grouped distinct from Ophiostoma s. str. and other genera in the Ophiostomatales (Fig. 1) .
3. Ophiostoma grande Samuels & E. Müll., Sydowia 31: 176. 1978 .
Notes: This species grouped with O. ambrosium in a lineage distinct from Sporothrix in the study of . The O. ambrosium sequence was not included in our
www.studiesinmycology.org analyses (see above), but O. grande formed a lineage (B, Fig. 1 ) distinct from Sporothrix and all other genera in our analyses. We could not amplify the BT gene region for this isolate, but its CAL intron arrangement was similar to that of S. brunneoviolacea, and thus distinct from all other Sporothrix spp. (Table 2 ). Notes: Kowalski & Butin (1989) reported two synasexual morphs in their cultures of this species, but according to Seifert et al. (1993) , these appear to represent the noncatenate and catenate forms of a sporothrix-like asexual morph. The LSU sequence of the ex-type isolate of this species, together with O. microsporum, form a lineage of uncertain generic affiliation in the Ophiostomatales (Lineage A, Fig. 1 ), distinct from Sporothrix s. str. This supports the unique placement of the species by based on ITS. The BT sequence was too divergent to include in our analyses, but the intron composition (3/-/5) reflected those of many Sporothrix spp. as well as other Ophiostomatales (Table 2) .
5. Ophiostoma longicollum Masuya, Mycoscience 39: 349. 1998.
Notes:
The morphology of this species from Quercus infested by Platypus quercivorus in Japan suggests a relatedness with species such as S. stenoceras or O. nigricarpum. Sequence data are needed to confirm its correct phylogenetic placement. Notes: This species was isolated from oak sapwood in the USA. Ascospore and asexual morph morphology suggest that this might be a species of Sporothrix, but it should be re-examined and sequenced to confirm its placement. Hausner et al. (1993b) . Our LSU sequence of the ex-neotype isolate (CBS 440.69 = CMW 17152) designated by Davidson & Kuhlman (1978) , is identical to the sequence of Hausner et al. (1993b) . It groups with O. grandicarpum in Lineage A (Fig. 1) Notes: Musvuugwa et al. (2016) recently described this species from wood and bark of Rapanea in South Africa, and recognised that the species grouped outside of Sporothrix, Ophiostoma s. str. and other genera in the Ophiostomatales, similar to its placement in our LSU tree (Lineage C, Fig. 1 ). However, they did not consider this to be sufficient evidence to establish a distinct, monotypic genus. The BT intron composition of O. noisomeae is is 3/4/5, while that of Sporothrix is 3/-/5 or -/-/5 ( Table 2 ). The group served as a convenient outgroup in our analyses ( Figs  1-4) , but its generic status should be reconsidered. Fig. 1 ) as defined by . See Note under O. coronatum. Ceratocystis capitata was treated as a distinct species by Olchowecki & Reid (1974) , but suggested to be a synonym of O. tenellum by Upadhyay (1981) and listed as such by Villarreal et al. (2005) and . The synonymy should be reconsidered.
Ophiostoma persicinum
13. Ophiostoma valdivianum (Butin) Rulamort, Bull. Soc. Bot. Centre-Ouest, N.S. 17: 192. 1986 Centre-Ouest, N.S. 17: 192. 1986 .
Notes: In our analyses, the ex-type isolate forms part of Group I in Sporothrix as defined in the present study (Figs 2-4) . However, in the original description both a Sporothrix and Verticicladiella asexual morph were described and illustrated. De Rulamort (1986) described the latter morph as Leptographium valdivianum from the holotype of C. valdiviana (Butin & Aquilar 1984) . The leptographium-like asexual morph does not correspond with any other species in Sporothrix and was not observed in the ex-type isolate (Table 1) included in the present study. We thus recommend that this isolate should be compared with the holotype in ZT (Zürich, Switzerland) before a final decision is made on the generic placement of the species.
14. Sporothrix foliorum J.J. Taylor, Mycologia 62: 809. 1970 .
Notes: Weijman & de Hoog (1985) and de Hoog (1993) treated this species from cabbage leaves in France in Sporothrix section Farinosa. Species in this section were very distinct from S. schenckii and other ophiostomatalean spp., suggesting that this taxon belongs in a non-ophiostomatalean genus. Although the ITS sequence of the ex-type (CBS 326.37) groups between some of the basal lineages in the study of Zhang et al. (2015) and blasts to other species of Ophiostomatales, the CAL, TEF1 and TEF3 sequences in the same study clearly shows that this species does not belong in Sporothrix. Sequence data for a more conserved gene region such as the LSU would be needed to resolve its generic placement. Gadgil & M.A. Dick, N. Z. J. For. Sci. 34: 318. 2004 .
Sporothrix nothofagi
Notes: A LSU sequence of the ex-type isolate placed this species peripheral to the R. lauricola-R. sulphurea species complexes in Leptographium s. lat. (Fig. 1) (not close to Raffaelea s. str.). This should not be surprising because the fungus is associated with galleries of three native ambrosia beetles infesting Nothofagus trees in New Zealand (Gadgil & Dick 2004 
DISCUSSION
Results of the phylogenetic analyses in this study confirmed that species with sporothrix-like asexual morphs do not constitute a monophyletic lineage in the Ophiostomatales. The majority of these species group together with S. schenckii and the other human pathogenic species in a well-supported lineage that we recognise as the genus Sporothrix. This is distinct from Ophiostoma s. str. that includes the type for that genus, O. piliferum. Sporothrix, for which the previous description that was based only on asexual fungi (de Hoog 1974) has been redefined in line with the one fungus one name principles to accommodate species with known sexual states. Our analyses also revealed six well-supported species complexes in the genus. The newly defined Sporothrix includes 51 species. The names for 23 of these species, including the four major human and animal pathogens causing sporotrichosis, remain unchanged. Twenty-six species, previously treated in Ophiostoma or Ceratocystis, were provided with new combinations in Sporothrix. An additional two species, C. gossypina var. robusta (now S. rossii) and O. nothofagi (now S. dombeyi), received new names (nom. nov.) because their epithets would have resulted in illegitimate later homonyms of existing names. None of the 28 changed names are of economically or medically important species. The separation of Sporothrix and Ophiostoma also implies that the names of several important tree pathogens (e.g. O. ulmi and O. novo-ulmi) and economically important woodstaining fungi (e.g. O. piceae and O. quercus) will remain unchanged in Ophiostoma.
All species of the newly defined Sporothrix share some morphological, ecological and genetic characters that set them apart from other genera and lineages in the Ophiostomatales (Table 2) . Apart from the fact that they all produce sporothrix-like asexual morphs, they mostly have hyaline to white, smooth, appressed cultures, sometimes becoming grey or brown with age. The sporothrix-like species in Ophiostoma s. str., most notably O. piliferum and species in the O. pluriannulatum complex, produce cultures that are initially white with masses of fluffy aerial mycelium producing conidia, but soon develop dark grey, brown or black pigmentation in the medium, visible when cultures are viewed from below (Upadhyay 1981) .
Species in the Ophiostomatales, and especially genera such as Leptographium s. lat. ( (Table 2) , includes human and animal pathogens, several species from soil, and some from hardwoods and the fruiting bodies of basidiomycetes. Nine species were described from infructescences of Proteaceae native to southern Africa, of which five are known to be associated with hyperphoretic mites (Roets et al. 2008 (Roets et al. , 2009 (Roets et al. , 2013 . Only eight species in the newly defined Sporothrix are associated with conifer-infesting bark beetles. Interestingly, five of these, S. abietina, S. aurorae, S. cantabriensis, S. euskadiensis, and S. nebularis are associated specifically with root-infesting beetles (Table 1) .
Geographically there are also some patterns in the Ophiostomatales that generally correspond to the host associations described above. By far the majority of species have been reported from the extensive native conifer forests of North America, Europe and Asia (Hunt 1956 , Griffin 1968 , Olchowecki & Reid 1974 , Upadhyay 1981 , Jacobs & Wingfield 2001 , Plattner et al. 2009 , Linnakoski et al. 2010 . The ophiostomatalean species reported from conifers in the Southern Hemisphere are almost exclusively found associated with introduced bark beetles on non-native pine species grown in plantations (Zhou et al. 2004 , 2006 , Thwaites et al. 2005 . Twenty-four species of Sporothrix have been reported from Africa, 11 from South America, five from Australasia, two from Central America, nine from North America, 18 from Europe, and eight from Asia (Table 2 ). This could reflect an African sampling bias, but Sporothrix generally appears to have a broader Southern Hemisphere presence than other genera in the Ophiostomatales.
The delineation of Sporothrix as a discrete genus, supported by phylogenetic data for three of the gene regions (ITS, BT and CAL), made it possible to recognise six well-supported species complexes or clades, as well as some smaller emerging lineages in the genus. Central to the genus is the Pathogenic Clade ( Figs  2-4) , typified by S. schenckii, one of only four species in the Ophiostomatales regularly identified as the causal agents of human or animal sporotrichosis (Travassos & Lloyd 1980 , Summerbell et al. 1993 , Barros et al. 2004 , L opez-Romero et al. 2011 , Zhang et al. 2015 . These four species, known only from their asexual morphs (Teixeira et al. 2015) , consistently formed a well-supported monophyletic lineage in our analyses. They share certain features that are unique to the Ophiostomatales (Table 2 ). Both S. schenckii and S. globosa have been isolated from humans, animals and soil (Marimon et al. 2007 , Rodrigues et al. 2014a , Zhang et al. 2015 . Although it is suspected that S. brasiliensis also occurs in soil, attempts to isolate it from this substrate have not been successful (Montenegro et al. 2014) and apart from humans and animals, it has been isolated only from house dust (Marimon et al. 2007 ). The fourth species, S. luriei, is known only from a single clinical isolate (Ajello & Kaplan 1969) . All four species produce small, pigmented blastoconidia in addition to the more commonly occurring hyaline conidia. This character is shared by only five other Sporothrix species, also found in soil ( Table 2 ). The pigmented blastoconidia appear to be an adaptation to survive in the soil, and melanin most probably allows these opportunistic pathogens to overcome human and animal immune systems when implanted through trauma in skin or muscle tissue (RomeroMartinez et al. 2000 , Morris-Jones et al. 2003 , Madrid et al. 2010b , Teixeira et al. 2010 . Most other species in the Ophiostomatales apparently lack this ability, and despite the fact that they are commonly present on freshly cut wood in virtually every sawmill, pulp mill and plantation globally, they very rarely cause disease. Only a few cases of infections in humans by species from the other genera in the Ophiostomatales are known, e.g. O. piceae (Morelet 1995 , Bommer et al. 2009 
. Four
Sporothrix species from other complexes in the genus that are also opportunistic human pathogens are discussed below.
The largest of the six species complexes in Sporothrix is the S. gossypina complex (Table 2, Figs 2-4) . The complex presently includes 12 species, most of which are sexually reproducing and widely distributed in especially Europe and North America. Six of the species, including the first species to be described in the complex, S. gossypina, are associated with galleries of conifer-infesting bark beetles. Two of these have been reported widely. Sporothrix gossypina was isolated from older galleries of various Dendroctonus and Ips bark beetles and other bark infesting insects on several different conifers across the USA (Davidson 1971) . Similarly, S. abietina have been reported from galleries of different pine-infesting bark beetles in Mexico (Marmolejo & Butin 1990 , Zhou et al. 2004 , South Africa (Zhou et al. 2006) , China (Lu et al. 2009 ), Russia (Linnakoski et al. 2010) , Canada (Six et al. 2011) , the USA (Taerum et al. 2013) , and Poland (Jankowiak & Bilanski 2013) . The other four species from pine bark beetles come from single reports: S. rossi from the USA (Davidson 1971) , S. aurorae from South Africa (Zhou et al. 2006) , and two species from Spain (Rom on et al. 2014a (Rom on et al. , 2014b . Interestingly, the S. gossypina complex is the only species complex in Sporothrix, apart from Lineage G, which includes species associated with conifer-infesting bark beetles. A further three species in the complex are from stained oak (Kowalski & Butin 1989 , Aghayeva et al. 2004 . One is from cankers caused by Cryphonectria parasitica on chestnut (Davidson 1978) , one is from a hardwood native to South Africa (Musvuugwa et al. 2016) , and one is from mites on Protea infructescences (Roets et al. 2008) . The species in the complex thus seem to originate from a variety of sources, with almost the only common factor being stained sapwood exposed to arthropods. From our data it is clear that most species in this complex are genetically almost indistinguishable (Figs 2-4) , and that the complex needs to be revised based on multigene phylogenies that include several isolates representing each species.
The S. stenoceras complex includes six species (Table 2 ), the best known of which is S. stenoceras. It has been isolated especially from hardwoods and soil in various continents (De Beer et al. 2003 , Novotný & Srůtka 2004 , Musvuugwa et al. 2016 , while S. narcissi comes from flower bulbs (Limber 1950) . Four more species from Protea infructescences (Roets et al. 2013 ) forms a subclade in the complex (Figs 2-4 ), but not with enough statistical support to define it at present as a distinct species complex. One of these species, S. splendens, has been confirmed to be vectored by mites (Roets et al. 2013) , and this could suggest that some of the other species in the complex are also mite associates. Only S. stenoceras from this complex has been associated with human and animal disease, and this is only in very rare instances , Rodrigues et al. 2015a , 2015b .
At present the S. inflata complex (Figs 2-4) contains only S. dentifunda, S. inflata and S. guttiliformis. Sporothrix dentifunda was isolated from oak in Europe, while the latter two species are from soil in Europe and Malaysia (de Hoog 1974 , Aghayeva et al. 2005 .
The S. candida complex (Figs 2-4) includes five species, all of which were relatively recently described from hardwoods. Sporothrix candida is from wounds on Eucalyptus trees (Kamgan Nkuekam et al. 2012) , and S. rapaneae and S. itsvo from inner bark of Rapanea trees (Musvuugwa et al. 2016) , all from South Africa. Sporothrix aemulophila and S. cabralii are both associated with ambrosia beetles, respectively from Xyleborinus aemulus infesting Rapanea in South Africa (Musvuugwa et al. 2015) , and galleries of a Gnathotrupes sp. infesting Nothofagus in Argentina (De Errasti et al. 2016) . The Argentinean fungus is the only species for which a sexual state has not been observed. The possibility that the latter two species might be ambrosial fungi should be explored further, but it is more likely that these fungi are mite-associated "weeds" in the ambrosia galleries.
There are five species from soil in the S. pallida complex (Figs 2-4) , which has recently been defined by Rodrigues et al. (2016) . Three of these species, S. mexicana (Rodrigues et al. 2013 (Rodrigues et al. , 2015a , S. chilensis (Rodrigues et al. 2016) , and S. pallida (Morrison et al. 2013) , have been reported as rare and opportunistic causal agents for human disease. The remaining three species in the complex have been isolated from proteas in Southern Africa, and two of these are vectored by mites (Roets et al. 2013) . Only the three taxa from Protea in this complex have known sexual states.
Thirteen species included in Sporothrix separated in five smaller lineages with little or no statistical support, and which therefore were not defined as species complexes (Table 2 , Figs 2-4). These included seven species from hardwoods, two from conifer bark beetle galleries, two from macrofungus fruiting bodies, and one from a Protea infructescence. Three of these have also been reported from soil, while one has only been found in soil. These niches correspond with those of species in the other complexes.
Species not included in Sporothrix were separated into four groups based on generic or ordinal status. The first group included four species with names in Sporothrix that belong in other, well-defined genera of the Ophiostomatales. Three of these, S. pirina, S. roboris and S. subannulata, are asexual morphs of known Ophiostoma spp. that were previously supplied with binomials, but are now treated as formal synonyms of respectively O. catonianum, O. quercus and O. subannulatum . The fourth species, S. lignivora, has recently been described in the new genus, Hawksworthiomyces (De . Our data further confirmed that four Ophiostoma species with sporothrix-like asexual morphs, all of previously uncertain generic placement, belong in Ophiostoma s. str. These include O. angusticollis, O. denticulatum, O. macrosporum and O. ponderosae. Many of these species in other genera in the Ophiostomatales that produce sporothrix-like asexual morphs, also produce hyalorhinocladiella-or synnematous pesotum-like synasexual morphs.
Sporothrix foliorum and S. nothofagi, together with 13 Ophiostoma spp. that have sporothrix-like asexual morphs, clearly belong in the Ophiostomatales, but did not group with confidence in Sporothrix or in any of the currently defined genera in the order. Their placement needs to be confirmed with more robust DNA sequence data, including more conserved gene regions appropriate for genus-level resolution.
The ordinal placement of 16 Sporothrix spp. and two additional species with sporothrix-like asexual morphs remains uncertain. Although DNA sequences might confirm the placement of some of these species in the Ophiostomatales, several were isolated from an anomalous substrate, dead insects. Consequently, de Hoog (1993) suggested that they might be related to insect pathogens in the Cordycipitaceae.
Thirteen species previously described in Sporothrix have been excluded from the genus and the Ophiostomatales. Eight are basidiomycetes in the genera Quambalaria (Microstromatales, SPOROTHRIX VERSUS OPHIOSTOMA www.studiesinmycology.org Ustilaginomycetes) , Pseudozyma (Ustilaginales, Ustilaginomycetes) (Boekhout 1995) , and Cerinosterus (Dacrymycetales, Dacrymycetes) (Middelhoven et al. 2000) . The remaining species belong to ascomycete genera such as Trichomonascus and Blastobotrys (Saccharomycetales, Saccharomycetes), Engyodontium (Cordycipitaceae, Hypocreales, Sordariomycetes), Hyphozyma (Leotiomycetes) and Nodulisporium (Xylariales, Sordariomycetes).
Although generic placements could not be resolved for all Sporothrix spp. in this study, the separation of Sporothrix from Ophiostoma represents a major step forward in resolving the taxonomy of the Ophiostomatales. Importantly, it has been focused to ensure nomenclatural stability for the economically and medically important species in the order. The appropriate generic placement of several unresolved lineages remains to be determined in a more extensive study including as many taxa as possible in the order. Several more conserved gene regions must be studied. The newly defined complexes in Sporothrix shed new light on the evolution of species in the genus. Species concepts and possible synonymies in these complexes should be investigated by including as many isolates as possible of the species considered. Sequences of additional protein-coding gene regions are needed. A key to accomplishing this goal will be the making of new collections representing species for which cultures are not available. Collections of these fungi are also needed from areas of the world where they are poorly known.
